Abstract After stem cell transplantation, human patients are prone to life-threatening opportunistic infections with a plethora of microorganisms. We report a retrospective study on 116 patients (98 children, 18 adults) who were transplanted in a pediatric bone marrow transplantation unit. Blood, urine and stool samples were collected and monitored for adenovirus (AdV) DNA using polymerase chain reaction (PCR) and real-time PCR (RT-PCR) on a regular basis. AdV DNA was detected in 52 (44.8%) patients, with mortality reaching 19% in this subgroup. Variables associated with adenovirus infection were transplantations from matched unrelated donors and older age of the recipient. An increased seasonal occurrence of adenoviral infections was observed in autumn and winter. Analysis of immune reconstitution showed a higher incidence of AdV infections during periods of low T-lymphocyte count. This study also showed a strong interaction between co-infections of AdV and BK polyomavirus in patients undergoing hematopoietic stem cell transplantations.
Introduction
The immune reconstitution period following hematopoietic stem cell transplantations (HSCT) is accompanied by a high incidence of viral infection due to profound immunodeficiency. Adenoviral infections have been increasingly recognized as a clinical problem, and their significance needs to be elucidated. There are 52 currently known serotypes of human adenoviruses (AdV) [17, 33] , which have been regarded as life-threatening pathogens after bone marrow transplantation [7, 9, 16, 31] . They are commonly detected in stool and pharyngeal swabs of healthy individuals, causing self-limiting infections of the respiratory tract, gastrointestinal system, and occasionally, the eye or urinary tract [1, 3, 7, 10, 12, 16] . In transplant recipients, AdV may occur as a de novo infection or reactivation of latent virus after primary infection in childhood [10] . According to different studies, the estimated rate of AdV infection after HSCT ranges from 3-47% [2, 3, 6, 10, 11, 13, 20-22, 27, 30] , with mortality from 10 to 80% [10, 12, 16, 27, 28, 30] . A higher morbidity risk is present in recipients when the transplant is received from matched unrelated donors (MUDs) or partially matched family donors (PMFDs), after ex vivo T cell depletion, at younger age, in the presence of graft-versus-host disease (GvHD), after antithymocyte globulin therapy and in cases of severe lymphopenia at the time of first detection of the virus [1-6, 15, 19, 20, 26, 28, 30] . Lack of efficient anti-AdV prophylaxis [3, 13, 16, 19, 20, 26] demands rapid and sensitive detection of human adenoviruses in clinical practice [26] . In this study, we report the results of a retrospective trial including 116 stem cell transplant recipients. Molecular techniques based on polymerase chain reaction and specific real-time PCR were used to detect AdV.
Materials and methods

Definitions
Adenoviral infection was defined as the presence of AdV DNA in the clinical sample obtained from whole blood, plasma, urine or stool, detected by PCR or RT-PCR, irrespective of symptoms. In contrast, an active infection was defined as the presence of AdV DNA in plasma or detection of an increasing AdV copy number in clinical materials such as whole blood, urine and stool. Disseminated disease was defined by AdV detection in at least two different clinical materials at the same time. Local infection was limited to detection of AdV genome at one body site. Acute GvHD was graded as grades 0 to IV according to standard criteria [29] . Mild acute GvHD was defined as grades I-II, and severe, as III-IV.
Patients and clinical samples
This retrospective study included 116 patients undergoing HSCT at the local Department of Paediatric Bone Marrow Transplantation, between 2007 and 2009. All recipients were tested for AdV infection on a regular basis after transplantation. The characteristics of the recipients are shown in Table 1 . Due to the high variability of treated patients, different conditioning regimens were used (Table 2) . Ex vivo T cell depletion of the graft was performed in all haploidentical transplantations (n = 9). Clinical samples of whole blood, plasma, urine and stool were collected. Virological surveillance was performed regularly every 1-2 weeks, starting from the day of transplantation (Day 0) and continued until discharge of the patient, and once a month afterwards. Parallel to this, a weekly flow cytometric assessment of lymphocyte (CD3?) count in peripheral blood samples was performed.
Control virus strains
Six control virus strains of different serotypes, representing species (A-F), were obtained from American Type Culture Collection (Manassas, USA). DNA isolated from control virus strains was used for standard curve preparation. It also served as a target DNA for positive controls for detection of inhibition in PCR and RT-PCR.
Preparation and extraction of clinical samples DNA from whole-blood samples (EDTA) was extracted immediately after collection. Urine and stool were collected into sterile, disposable containers. Stool samples were frozen (-20°C) immediately after collection and transported on ice to the laboratory. The samples of plasma (EDTA) and urine were centrifuged at 3,0009g for 20 min and 3,0009g for 10 min, respectively, before freezing at -20°C. DNA was extracted from whole blood and plasma Preparation and extraction of control viral DNA Viral genomic DNA was extracted from 200 ll of viral lysate, using a QIAamp Blood Mini Kit (Qiagen, Germany). The control PCR product used for preparation of the standard curve was purified by using a QIAquick PCR Purification Kit (Qiagen, Germany).
Standards and calibration curve generation
For quantification of virus load, two external standard curves were applied: one for evaluation of adenoviruses from AdV species A, C, F and the second for quantification of viruses from AdV species B, D and E. Preparation of the standard curves was based on serial dilutions of fluorometrically quantified in-home cloned plasmid standards or an amplicon quantitative standard prepared using primers specific for AdV type 5. Plasmid or amplicon concentration and purity were determined using a NanoPhotometer (Implen GmbH, Munich, Germany). The viral copy number was calculated based on the known molecular weight of the plasmid and amplicon.
Polymerase chain reaction
The screening examination of all clinical samples was performed as a singleplex PCR assay in a 20-ll volume containing 10 ll HotStarTaq Master Mix Kit (QIAagen GmbH, Germany), 1 ll of forward and reverse primers (0.5 lM final conc.) ADV1 5 0 -GCC GAG AAG GGC GTG CGC AGG TA-3 0 and ADV2 5 0 -ATG ACT TTT GAG GTG GAT CCC ATG GA-3 0 (TIB MOLBIOL, Poland), which were described previously [24] , 2 ll of distilled water and 6 ll of target viral nucleic acid. Reference strains of adenoviruses were used as positive controls in each run; distilled water instead of template was used as a negative control. On a basis of fluorometrically quantified viral DNA, we concluded that it was possible to reliably detect 7.5 9 10 1 copies of viral DNA per ml of the sample by classical PCR. Positive samples were quantified by real-time PCR (RT-PCR) to determine virus load.
RT-PCR
Viral copy numbers were quantified using a real-time PCR that was developed in our laboratory, based on specific primers and probes described elsewhere [7] . Quantitative amplification was performed on Real Time 7500 PCR Systems (Applied Biosystems, Foster City, USA) in 96-well format by using TaqMan-based chemistry. In brief, the optimized master mix for the ACF reaction consisted of 13 ll of 29 TaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, USA), 1 ll of each primer (160 nM final conc.), except second reverse (320 nM final conc.), 1 ll of each probe (80 nM final conc.), 2.6 ll IC Master Mix, 0.52 ll of water, and 7 ll of target DNA solution in final total volume of 32 ll. The reaction for BDE serotypes consisted of: 12 ll of 29 TaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, USA), 1 ll of 2 primers (160 nM final conc.), 1 ll of each To reduce the risk of sample contamination, the AmpErase system was used. Each run included at least two no-template controls and three different positive controls. The lower detection limit was determined by the analysis of dilution series, created using fluorometrically quantified DNA of AdV5 (as representative for ACF reaction) and DNA of AdV21 (as representative of AdV for BDE reaction). The sensitivity was demonstrated to be 2.5 (for multiplex reaction detecting viruses from species A, C, F) and 24 (for multiplex reaction detecting viruses from species B, D, E) copies of viral genome/reaction.
Additional methods
Evaluation of blood counts of CD3? T cells was performed on a Cytomics 7500 (Beckman Coulter, USA) flow-cytometer using anti-CD3?-FITC (BD, USA), according to manufacturer's instructions. An Alert Q-PCR BKV Kit was used for evaluation of BKV infection.
Therapy
In patients with identified AdV replication and disseminated infection, therapy with cidofovir (CDV) was instituted. Cidofovir was administered with adequate hydration at a dose of 5 mg per kg BW with probenecid 2 h before and 3 and 8 h after CDV infusion. Therapy was continued at weekly intervals until clearance of AdV-DNA was achieved. Patients treated for AdV infection received 2-10 doses (median, four doses) of cidofovir.
Statistical analysis
Statistical analysis was performed using Statistica v.8.0 (StatSoft, Kraków, Poland). The chi square test or Fisher's exact test was used for a univariate analysis of risk. To evaluate multiple risk factors for infection, a logistic regression model was used. An incidence of AdV-related death among the AdV-infected patients was analyzed by the Kaplan-Meier product-limit method and compared with log-rank and Cox-Mantel tests. The immunological status, based on the CD3? cell count, was used to categorize patients into four groups (\500, \1,000, \2,000 and \6,500/ll), and its impact on adenoviral infection was determined using correspondence analysis and the Cochran-Cox test. Mean copy numbers of AdV in MUD, MMREL and IDSIB recipients were compared using ANOVA. The AdV dependence of concomitant infections was evaluated by Mann-Whitney test. There was only one patient with GvHD IV in the group of infected patients who survived (p = 0.003). The probability of Fig. 1 a Estimation of survival of patients with and without adenoviral infection after HSCT. The probability of survival was similar for infected and uninfected recipients (p = 0.26), b the probability of survival after HSCT in relation to age (p = 0.006), log-rank test survival was 0.76 in the case of AdV-infected patients, whereas the probability was 0.64 in the case of AdV-free patients, but this difference was not significant (p = 0.26) (Fig. 1a) . Analyzing factors affecting survival of the AdV cohort, the patient's age was significant (p = 0.006). (Fig. 1b) .
Results
Incidence of adenovirus infection and risk factors
The most common sites of AdV-DNA isolation were stool 12/24 (50%) and urine 56/116 (48.3%), followed by whole blood 30/116 (25.9%) and plasma 22/116 (18.9 %). The median time from transplantation to the first AdVpositive result from urine was 17 days after HSCT (range 7-59) and 38 days in whole blood (range 7-183). In 3 patients, we were able to detect AdV-DNA as early as on Day 7 in urine or whole blood samples. This might indicate the necessity for AdV monitoring to start by at least Day 7 after transplantation. Blood positivity for AdV-DNA preceded plasma positivity on average by 2 days. Nineteen out of 52 patients developed disseminated infection: plasma and urine (28.8%), urine and stool (7.7%). The viral load in cases of disseminated disease did not exceed 10 4 copies/ml or gram of the sample (Fig. 2) . Medium concentrations were as follows: 4.7 9 10 3 copies/ml in urine, 3.4 9 10 4 copies/ml in plasma, and 2.3 9 10 3 copies/g in stool. In 33/52 (63.5%) infected patients, local AdV infection was found in urine 29/52 (55.8%), plasma 1/52 (1.9%) or stool 3/52 (5.8%). Median concentration: urine, 7.4 9 10 2 copies/ml; plasma, 8.3 9 10 3 copies/ml; and stool, 5.6 9 10 2 copies/ml. Among patients with local infection, 5 of 33 (15.2%) died. Disseminated disease, surprisingly, was not associated with higher mortality (p = 0.63) in comparison to patients with local infection. Mortality among patients with disseminated disease was 5/19 (26.3%). Adenoviruses were more frequently isolated from the blood and urinary tract of recipients of grafts from unrelated donors (MUD) (19%) than mismatched related (MMREL) (8%) or sibling (ID-SIB) (10%) donors (p = 0.004). The mean copy numbers are listed in Table 3 .
On univariate analysis, the AdV infection rate was correlated with older age of the patient (p = 0.005), and among children, the highest morbidity was observed between 7 to 12 years. T cell-depleted transplantations made up only 7.8% of all transplantations (9/116). According to the results from our study group, depletion of T cells from the graft material did not make patients more prone to adenoviral infections. Adenoviral DNA was found in blood (27/107), plasma (20/107) and urine (48/107) from patients undergoing non-T-depleted transplantations and in blood (3/9), plasma (2/9) and urine (2/9) of T cell depleted transplantations (p [ 0.05). The use of anti-thymocyte globulin (ATG) and total body irradiation (TBI) in (Fig. 3) . No significant differences in AdV morbidity between peripheral blood (41/89) and bone marrow recipients (13/ 25) (p [ 0.05) were observed. The gender of the recipient or donor was not associated with greater incidence of AdV infection (p [ 0.05), female 43 versus male 48%. The incidence rates of AdV infections were similar according to primary disease; patients with malignant and non-malignant disorders had virtually identical morbidity (46 vs. 47%, p = 0.88).
Adenovirus infection and immune reconstruction
Analysis by median comparison showed that the median number of CD3? cells in AdV-infected patients (median 490/ll, range 0-3,309/ll) was lower than among AdV-free recipients (median 665/ll, range 0-6,476/ll), p = 0.04. Correspondence analysis confirmed that AdV-free samples correlated with higher CD3? cells counts (1,000-6,400/ll) (Fig. 4) .
BK polyomavirus co-infections
Seven hundred fifty-two plasma and 705 urine samples were tested for concomitant infections with BK polyomavirus. Some patients presented co-infections after infection with one viral agent; therefore, examination of clinical materials was the basis of segregation. DNA of both AdV and BKV was detected in 39 plasma and 111 urine samples. One hundred seventeen plasma samples and 276 urine samples were positive for BK polyomavirus only, whereas 43 plasma and 58 urine samples contained AdV-DNA only. Co-occurrence of AdV and BKV both in plasma (p \ 0.001) and in urine (p = 0.001) was statistically significant. Analysis using the Chi square test suggested that the presence of one virus was conductive to the occurrence of a concomitant virus. Examination of multiple risk factors (logistic regression) confirmed that BKV infection and transplantation from MUD increase the risk of AdV infection (p \ 0.001 and p = 0.013, respectively). Correspondence analysis showed that, in most cases, both AdV and BKV are present together or both are absent. Wald-Wolfowitz and Mann-Whitney tests were used to compare mean viral loads of both viruses in co-infections. Viral copy numbers were different in plasma (p \ 0.001) and urine (p = 0.02). The AdV load was higher in plasma (mean 5.8 9 10 3 copies/ml) and urine (mean 1.1 9 10 2 copies/ml) in co-infected samples than in the samples without BKV: plasma (mean 9.2 9 10 1 copies/ml), urine (mean 6.6 9 10 1 copies/ml). This confirms that infection with one virus type facilitates replication of the other virus. We also confirmed that the total number of CD3? cells in peripheral blood in patients with AdV/BKV co-infections in plasma was significantly lower (352 ± 747 cells/ll) than in those with only AdV infection (434 ± 491 cells/ll) (p = 0.037). We could not confirm this observation for coinfections in urine. Multivariate analysis with logistic regression revealed that BKV infection and unrelated graft recipients played a role in the development of AdV infection (p \ 0.001). 
Discussion
Our results show that adenoviral infections are very common in recipients undergoing HSCT. Previous studies indicated a moderate frequency of adenovirus infections in allogeneic SCT [3, 6, 22] associated with significant mortality [10] . This study demonstrated a high proportion (44.8%) of AdV-infected recipients, with a mortality risk of 19.2% (10/52). Our data, like those published by Walls et al. [31] , Ison [16] and Myers et al. [25] show a higher incidence of adenoviral infection than data reported before the year 2003 by others [2, 3, 6, 10, 22, 28] . Therefore, we believe that the greater incidence of AdV infections in our study group might be a result of more sensitive methods used for AdV detection. We also need to mention the high proportion of AdV-positive stool samples and the low threshold for positivity in our research, which might also have an influence on the greater proportion of positive results. Our group consisted predominantly of MUD transplantation recipients (65.5%), who are more susceptible to AdV infections [30] . Moreover, due to application of molecular methods, we achieved very high sensitivity in the analysis of large-volume body fluid samples.
It has been suggested that there is a higher incidence of infection in children compared to adults [1, 2, 21, 22, 30] . Data reported by Chakrabarti et al. [6] pointed to a lack of dependence between age and infection. In our cohort, older age was associated with a greater incidence of AdV infection (p \ 0.05). The proportion of MUD HSCT in children (62/98, 63.2%) was similar to that of the adult group (14/18, 77.7%). The highest incidence in the medium age group of children may be the result of possible enhanced replication of latent virus, because over 80% of children are infected by adenoviruses by age 6 [10] . Persistent infections are predominantly caused by AdV from species C. The AdV serotypes from species C are also the most common infections in childhood.
Examined risk factors for adenoviral infections included the recipient's sex and underlying disease. The role of such factors was not observed in our study, in contrast to other publications [5, 6, 30] . Previous studies also usually documented the onset of adenovirus infection during the first 100 days after transplantation [6, 20, 28] . Our study has shown no difference between the early and late period after HSCT.
Interestingly, we detected an increased seasonal incidence of adenoviral infections in winter and autumn. This is consistent with AdV morbidity in healthy individuals, suggesting the importance of airborne and droplet transmission of the virus. Because of this, more attention should be paid to limiting visitor access to the patients.
In 36.5% of AdV patients, disseminated infection was found, but the prognosis for these patients was not worse than for those with localized disease. The presence of disseminated disease was not associated with higher mortality, even with a high viral load in plasma. Similar observations were made by other investigators, which may be attributed to rapid institution of cidofovir therapy in patients with identified dissemination of infection [6, 14, 28, 32] .
The most common site of AdV isolation was stool, followed by urine, then whole blood and plasma. This is similar to the results of Baldwin et al. [2] and consistent with healthy patients developing enteritis and upper respiratory tract infections [8] . We investigated testing of whole blood samples. Excluding the cases of latency in lymphocytes of whole blood (defined as AdV-DNA presence only in whole-blood samples without an increase of viral load in whole blood and without the presence of virus in plasma or other tested materials at the same time), we noticed that AdV DNA was detected in blood at least 2 days before an active infection. Hence, monitoring of peripheral blood samples may have predictive value in surveillance of infection development.
We showed that the use of anti-thymocyte globulin and total body irradiation in the conditioning regimen did not increase the risk of AdV infection in stem cell transplantation recipients. The majority of the patients tested received stem cells from peripheral blood (89/116), and there was no difference in AdV morbidity between peripheral blood progenitor cell (PBPC) and bone marrow (BM) recipients. Our study showed that recipients of unmanipulated graft material are not more likely to develop AdV infections, so a larger number of donor lymphocytes is probably not associated with greater transmission of latent AdV. The role of donor lymphocytes in the transmission of viruses from donor to recipient still needs to be elucidated.
Graft recipients are generally more susceptible to infections during post transplant recovery [25] .
In concordance with some studies [16, 27] , in our study, 3 of 7 patients who died after transplantation developed acute grade IV GvHD (p = 0.003). This may suggest a strong correlation between GvHD and the patient's survival. GvHD requires immunosuppressive therapy, which lowers the number of lymphocytes and hampers the immunity of the recipient, thus enabling adenoviral infections. A low lymphocyte count due to immunosuppressive treatment or delayed T cell reconstitution was an important predictor for detection of adenoviral infections in our study, which is consistent with earlier observations [5, 6] . An inadequate humoral response due to B lymphocyte impairment can also contribute to AdV infection susceptibility [11] .
Multiple plasma and urine samples were positive for both AdV and BKV. The CD3? cell number in AdV/BKV co-infected patients was also lower than in those with isolated AdV infection. The occurrence of BK polyomavirus might intensify replication of AdV, because the AdV load was significantly higher in co-infection than in samples with AdV infection alone. Therefore, greater immunodeficiency may promote infections with more than one viral agent, and a low lymphocyte count in peripheral blood due to delayed immune recovery may facilitate the replication of AdV. This mechanism may not be sufficient to explain viral co-infections in all transplant recipients, because we identified cases that were asymptomatic and diagnosed in a state of relative immunocompetence. From a molecular point of view, the presence of co-infections may also be a result of interactions between cohabitating viruses due to transactivation of gene expression of other viruses. There are known examples of viral regulatory proteins that transactivate promoter sequences of heterologous viruses. Polyomavirus T antigen increases expression from the adenovirus E2 promoter, and this transactivation is as efficient as the homologous viral protein ElA [23] . Kristoffersen et al. [18] reported that BK large T antigen enhanced the expression of human CMV IE genes through heterologous transcriptional transactivation of the CMV major IE promoter in A549 cells. On this basis, it may be concluded that adenoviral transcription factors regulating specific target promoters can be induced by different viral regulatory proteins, like those of polyomaviruses. The reason for the higher AdV load in urine samples with concomitant BK polyomavirus infection is still unclear and needs to be determined in a broader examination. It is a noteworthy observation that patients can be afflicted by multiple viral infections, which might originally result from the prevalence of common risk factors, although one needs to consider the reciprocal enhancement of viral infections.
Our research confirms that adenovirus viremia is not always associated with fatal outcome. This clinical effect might be explained by the high efficacy of aggressive cidofovir therapy in patients with disseminated disease, even without symptomatic disease. The crucial factor in AdV therapy appears to be prompt detection and early initiation of appropriate anti-viral therapy in high-risk patients.
